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ABSTRACT
Aim: Anthropogenic habitats commonly favour introduced species. However, there is little information regarding the responses 
of pollinators to native and introduced plants across anthropogenic landscapes. The main goal of the study is to investigate pol-
linator interactions of native and introduced plants across smallholder tropical orchards in Thailand, as these plantations are 
essential to local food security.
Location: Smallholder tropical orchards in Thailand.
Methods: We compiled data from four recent studies on plant–pollinator networks in 65 smallholder tropical orchards across 
Thailand. Using network analyses, we compared species degree (i.e., the number of pollinator species visiting a plant) and spe-
cialisation (d') between native and introduced plant species, with the latter further categorised into non-naturalised, naturalised 
and invasive groups. Analyses were conducted using linear mixed-effects models (LMMs), treating individual plant species 
as the unit of analysis and incorporating orchard identity nested within study as a random effect. Additionally, we examined 
whether variation in surrounding anthropogenic landscapes (i.e., the proportion of agricultural and urbanised areas) and the 
proportional representation of introduced plant species influenced the structure of plant–pollinator networks.
Results: Overall, specialisation (d') of the native plants was significantly greater than that of the introduced plants, while polli-
nators exhibited no preference towards naturalised or invasive plants over non-naturalised ones. We found a decrease in species 
degree of native plants as well as connectance and linkage density with increasing proportion of anthropogenic areas, likely due 
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to limited floral resources and nesting availability. However, we also found an increase in network specialisation (H2′) with a 
higher proportion of urban area.
Main Conclusions: Understanding the impact of land-use changes with the presence of introduced plant species is important 
for predicting community stability of plant–pollinator interactions as well as for habitat management strategies. Surrounding 
natural habitat and important food plants should be preserved and promoted to maintain pollinator interactions in human-
dominated areas.

1   |   Introduction

Mutualistic plant–pollinator interactions are important, as 
most flowering plants require animals for pollination (Rodger 
et  al.  2021), and most animal pollinators rely on flowering 
plants for food sources. Besides native plants, introduced 
plants may be key food sources for pollinators (Bartomeus 
et al. 2008; Graves and Shapiro 2003). Since introduced plant 
species frequently depend on native pollinators to successfully 
establish (Aizen et al. 2008; Bartomeus et al. 2008; Memmott 
and Waser 2002), it is essential to understand how introduced 
species interact with existing pollinator communities com-
pared to native species.

Although non-native flowering plants are visited by native 
pollinators (Arroyo-Correa et  al.  2020; Drossart et  al.  2017; 
Williams et  al.  2011), some non-native plants with more at-
tractive and larger or more flowers can outcompete native 
plants for pollinators (Morales and Traveset  2009). Among 
the introduced plants, especially the ones that are consid-
ered invasive, can cause disruptions to mutualistic interac-
tions between native plants and pollinators (Traveset and 
Richardson 2006). For example, introduced plants may com-
pete with native ones for visitation by pollinators and might 
also reduce seed production through increasing heterospe-
cific pollen transfer (Chittka and Schürkens  2001; Malecore 
et al. 2021). Thus, understanding the importance of pollinator 
interactions between native and introduced plants is key for 
habitat management in order to conserve potential pollinators 
and native plant communities.

It is well established that human land-use change has reduced 
natural vegetation, which provides primary floral resources 
such as nectar and pollen to wild pollinators, and thereby nega-
tively influences the mutualistic association between plants and 
pollinators (Baude et  al.  2016; Winfree et  al.  2011). This may 
lead to pollinator declines (Potts et al. 2010). For example, the 
diversity of pollinators on crops has been found to decline with 
increasing distance to natural habitats (Carvalheiro et al. 2010; 
Ricketts et  al.  2008). It has also been found that pollinator-
dependent plants in urban settings are more pollen-limited than 
those in managed and natural landscapes (Bennett et al. 2020). 
While numerous studies have investigated the impact of land-
use change on pollination networks in tropical and temperate 
regions (e.g., Larkin and Stanley 2023; Proesmans et al. 2024; 
Sritongchuay et al. 2019), few have examined how such changes 
influence the roles of native and introduced plants in these net-
works (e.g., Muñoz-Galicia et  al.  2023; Zaninotto et  al.  2023), 
particularly in Asian countries. Our study addresses this gap 
by focusing on how land-use changes affect pollinator inter-
actions with native plant species and invasive, naturalised and 

non-naturalised introduced plant species, as well as human-food 
plants. We expect native plants to exhibit more specialised inter-
actions due to co-evolution with local pollinators. In contrast, 
introduced species vary in their degree of integration: invasive 
and naturalised species are typically more embedded in net-
works, showing higher generalisation and interaction degrees 
and often occupying key topological roles such as hubs or con-
nectors (Albrecht et al. 2014). Non-naturalised species, by com-
parison, receive fewer flower visitors (Razanajatovo et al. 2015) 
and are less integrated into networks. This research will offer 
new insights into how anthropogenic landscapes uniquely in-
fluence the structure of pollination networks in Southeast Asia.

This study examined how plant origin and landscape context in-
fluence pollination networks in smallholder tropical orchards. 
Specifically, we addressed three main objectives. First, we 
compared species-level pollination network metrics—namely, 
the number of pollinator species visiting each plant (species 
degree) and species-level specialisation (d')—among native, in-
vasive, naturalised and non-naturalised introduced plant spe-
cies. Second, we examined whether surrounding anthropogenic 
landscapes, measured as the proportions of agricultural and 
urbanised areas, influenced these species-level metrics between 
native and introduced plants. Finally, we tested how network-
level metrics—connectance, linkage density and network-level 
specialisation (H2′)—were affected by the proportional repre-
sentation of introduced plant species visited by pollinators in 
each orchard, the extent of anthropogenic landscapes and the 
interaction between these factors. We hypothesised that native 
plants, due to their long co-evolutionary history with local polli-
nators, would attract more pollinator species (higher species de-
gree) and exhibit more specialised interactions (higher d') than 
introduced plants. Additionally, we predicted that higher levels 
of anthropogenic land use would promote more generalised 
interactions, particularly for introduced species, which often 
exhibit traits—such as abundant, large, or accessible flowers—
that attract generalist pollinators commonly found in disturbed 
habitats.

2   |   Materials and Methods

2.1   |   Data Compilation

To investigate how landscape composition influences pol-
linator interactions of native and introduced plants in 
smallholder tropical orchards, we compiled data provided 
by previous studies on plant–pollinator networks in small-
holder tropical orchards across Thailand. We selected four 
recent studies for our analyses, including Karnchananiyom 
et al. (2024), Sritongchuay et al. (2022), Simla et al. (2022) and 
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Wayo et  al.  (2020) (Table  S1). These studies were conducted 
in different regions of Thailand and varied in the prevalence 
of introduced plant species (Table S2). Wayo et al.  (2020) fo-
cused on how local and landscape features influence sting-
less bee communities and pollination networks in southern 
Thailand. Simla et al. (2022) examined the effects of invasive 
plants and land-use composition on insect pollinators in the 
northeast. Sritongchuay et  al.  (2022) investigated the im-
pacts of landscape context on diurnal and nocturnal flower 

visitors—including insects and bats—across the south, cen-
tral and north. Karnchananiyom et  al.  (2024) assessed how 
local and landscape factors shape bee community composi-
tion in the south. Although these studies provided data from 
106 smallholder tropical orchards, 10 orchards from Wayo 
et  al.  (2020) lacked pollination network data and were ex-
cluded. The final dataset comprised 96 orchards representing 
a broad gradient of anthropogenic landscapes across Thailand 
(Figure 1).

FIGURE 1    |    The locations of the 96 smallholder tropical orchards that we used in our analyses covered a gradient of anthropogenic landscapes in 
Thailand. The data originate from Simla et al. (2022), Sritongchuay et al. (2022), Wayo et al. (2020) and Karnchananiyom et al. (2024). The map was 
produced using QGIS software (QGIS.org 2023).
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2.2   |   Plant Categories

We considered only flowering plants which were visited by 
pollinators and identified to the species level, according to the 
data provided by the four selected studies. These studies aimed 
to document pollinator interactions across the complete set of 
co-blooming plant species within each orchard. We then cate-
gorised the flowering plant species into either native or intro-
duced species based on their native distributions provided by 
the Plants of the World Online website (POWO 2022). When a 
plant species was not indicated as being native to Thailand in 
these databases, we considered it to be introduced to Thailand. 
We further divided introduced plant species into three cate-
gories, i.e., non-naturalised, naturalised and invasive plant 
species, using a checklist of the naturalised plant species of 
Thailand obtained from the Global Naturalised Alien Flora 
database (van Kleunen et al. 2019) and a checklist of the in-
vasive plant species of Thailand (Zungsontiporn et al. 2020). 
Naturalised plants are defined as introduced plant species 
that have established self-sustaining populations without di-
rect intervention by humans (Richardson et al. 2000), whereas 
invasive plants are naturalised plants that have negative eco-
logical or socio-economic impacts (CBD  2000). Although 
invasive species are a subset of naturalised species, we here 
separated them into separate categories. In other words, the 
naturalised species in our study are not categorically inva-
sive. Moreover, to obtain a list of species that are most likely 
cultivated by humans for food production, we used the in-
formation from the World Checklist of Useful Plant Species 
(Diazgranados et  al.  2020) to check which of the native and 
introduced species are known to be used as human food. 
Furthermore, although Salacca magnifica Mogea, Ocimum × 
africanum Lour., Sterculia monosperma Vent., Musa × para-
disiaca L., Glochidion wallichianum Müll.Arg., Citrus × au-
rantiifolia (Christm.) Swingle were not listed as human-food 
plants in Diazgranados et al.  (2020); they are vegetables and 
fruits and thus were also categorised as human food plants.

2.3   |   Network Construction

We constructed plant–pollinator networks in the R program (R 
Core Team 2023) using the plotweb function (‘bipartite’ package) 
(Dormann et al. 2008). Although the four studies provided plant–
pollinator-interaction data for 96 smallholder tropical orchards, 
we selected only orchards containing more than five plant spe-
cies visited by pollinators (see Table S2 for details). Therefore, 65 
orchards in total were included in our network analyses. To con-
struct the pollination networks, we created for each orchard a 
pollinator-visitation matrix. Each matrix comprised interactions 
observed between plant species (columns) and pollinator species 
(rows). The cell values were the number of observations for each 
pollinator species by plant species combination. Depending on 
the study, this was measured as the number of pollinator vis-
its to or the number of pollinator individuals that visited each 
plant species. We calculated pollination network structure at the 
species level, including species degree (i.e., the sum of links or 
the number of interacting pollinator species per plant species) 
and specialisation (d') of each plant species using the specieslevel 
function in the ‘bipartite’ package (Dormann 2011). The d' value 
is a species-level specialisation index within the network, and 

ranges from 0 (generalist) to 1 (perfect specialists) (Blüthgen 
et al. 2006). At the network level, we used the networklevel func-
tion (‘bipartite’ package; Dormann et al. 2009) to calculate con-
nectance, linkage density and specialisation (H2′). Connectance 
is the realised proportion of possible links in the network (i.e., 
sum of links divided by number of cells in the matrix) (Dormann 
et al. 2009), and linkage density is the quantitative diversity of 
interactions per species weighted by the marginal sum of inter-
actions (Vanbergen et al. 2017). H2′ is a network-level speciali-
sation index and ranges from 0 (no specialisation) to 1 (complete 
specialisation) (Blüthgen et al. 2006).

3   |   Statistical Analyses

To compare differences in the species-level pollination-network 
metrics (1) between native and introduced plants, (2) between 
naturalised and non-naturalised introduced plants, (3) be-
tween naturalised and invasive plants, (4) between food plants 
for humans only and non-human-food plants and (5) between 
native human-food and introduced human-food plants, we ap-
plied LMMs implemented in the ‘lme4’ (Bates et al. 2015) and 
‘lmerTest’ (Kuznetsova et  al.  2017) packages. To account for 
variation in sampling effort and spatial clustering, we specified 
Orchard_ID nested within Study_ID as a random effect in all 
models. This hierarchical structure controlled for differences 
in study design, regional context and observer effort across the 
four studies. Individual plant species served as the unit of anal-
ysis, and plant category was included as a fixed effect. Species 
degree was natural-log transformed, and specialisation (d') was 
square-root transformed to improve normality. We assessed re-
sidual normality and homoscedasticity for all models using the 
check_model function from the ‘performance’ package (Lüdecke 
et al. 2021). Explanatory power was evaluated using marginal 
R2 (variance explained by fixed effects) and conditional R2 (vari-
ance explained by fixed and random effects) (Nakagawa and 
Schielzeth 2013), calculated with the r.squaredGLMM function 
from the ‘MuMIn’ package (Bartoń 2024). To control for false 
discovery rate in multiple comparisons, raw p-values were ad-
justed using the Benjamini–Hochberg procedure (Benjamini 
and Hochberg 1995) separately for each species-level metric, and 
statistical significance was determined based on the adjusted 
p-values.

To explore the impact of land-use change on the structure of 
pollination networks in smallholder tropical orchards, we used 
land-use data as reported by each original study. These land-
scape proportions were derived from GIS analyses performed 
by the original authors of each study. For studies that focused 
exclusively on insect pollinators (Karnchananiyom et al. 2024; 
Simla et al. 2022; Wayo et al. 2020), land-use data were derived 
within a 3-km radius. In contrast, for the study that included in-
sect and bat pollinators (Sritongchuay et al. 2022), a 5-km radius 
was used to reflect the broader foraging range of bats (Table S2).

To investigate whether an increase in the proportion of an-
thropogenic landscapes around the orchards influenced the 
species-level metrics (species degree and d') for the native and 
introduced plant categories, we used LMMs. The proportions 
of agricultural and urbanised areas, which were not signifi-
cantly correlated (Pearson's r = 0.12, p = 0.33), were included 
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as fixed effects. Plant species served as the unit of analysis, 
and Orchard_ID nested within Study_ID was modelled as 
a random effect to account for the hierarchical structure of 
the data. To improve normality, species degree was natural-
log transformed and specialisation (d') was square-root 
transformed.

To test the effects of proportions of surrounding agricultural 
area (AG), urbanised area (UR), the proportional representa-
tion of introduced plant species visited by pollinators within 
each orchard (INTRO), and their interactions (AG:INTRO and 
UR:INTRO) on the network-level metrics (connectance, linkage 
density, and H2′), we used LMMs. We included Study_ID as a ran-
dom effect in all models. Linkage density was log-transformed 
to improve normality.

For model selection, we started with the most complex model, 
which included all explanatory variables, and then stepwise 
removed non-significant interactions/variables. We assessed 
significance by comparing each model with a given explana-
tory variable to the same model without this variable using the 
anova function (‘lme4’ package) (based on likelihood-ratio tests 
and chi-square statistics). We plotted the corresponding linear 
regression line with its 95% CI using the ggpredict function in 
the ‘ggeffects’ package (Lüdecke 2018) and the “ggplot2” pack-
age (Wickham 2016). All statistical analyses were performed in 
R (R Core Team 2023).

4   |   Results

4.1   |   Plant–Pollinator Interactions at 
the Species Level

The plant–pollinator interactions data for the 96 smallholder 
tropical orchards in Thailand included 210 flowering plant spe-
cies visited by pollinators, representing 68 families (Table S6), 
and among those plant species, 124 species (59.05%) are in-
troduced species. Among those introduced plants, 72 species 
(58.07%), 47 species (37.90%) and 5 species (4.03%) are consid-
ered non-naturalised, naturalised and invasive, respectively. 
The invasive species include Chromolaena odorata (L.) R.M. 
King & H. Rob., Cleome rutidosperma DC., Leucaena leuco-
cephala (Lam.) de Wit, Tithonia diversifolia (Hemsl.) A. Gray 
and Sphagneticola trilobata (L.) Pruski. Additionally, we found 
that 166 species (79.05%) are considered human-food plants. Of 
these, 64 species (38.55%) are native human-food plants, while 
102 species (61.45%) are introduced human-food plants.

Our LMMs revealed distinct patterns in species-level network 
metrics across plant groups (Figures 2 and 3, Table S3). For na-
tive versus introduced plants, species degree did not differ sig-
nificantly (t = 2.01, padj = 0.184), whereas native species showed 
significantly greater specialisation (d') (t = 2.58, padj = 0.044). No 
significant differences were detected between non-naturalised 
and naturalised plants in either species degree (t = 0.84, 
padj = 0.447) or specialisation (t = 0.57, padj = 0.569). Similarly, 
species degree (t = 1.59, padj = 0.184) and specialisation (t = 1.07, 
padj = 0.320) did not differ significantly between naturalised and 
invasive plants. For human-food versus non-human-food plants, 

neither species degree (t = 0.23, padj = 0.820) nor specialisation 
(t = 1.19, padj = 0.293) differed significantly. However, when 
comparing native human-food versus introduced human-food 
plants, only specialisation was significantly higher in native 
species (t = 2.66, padj = 0.044), while species degree showed no 
significant difference (t = 2.21, padj = 0.184).

In addition, our results show that plant–pollinator interactions 
at the species level were influenced by landscape composition 
(Figures 4 and 5, Table S4). The proportion of agricultural areas 
had a significantly negative effect on the species degree of na-
tive plants (LMM: χ2 = 5.315, df = 1, p = 0.021), but not on that of 
introduced plants (χ2 = 1.009, df = 1, p > 0.05). The proportion of 
urbanised areas did not significantly affect species degree for ei-
ther native (χ2 = 2.010, df = 1, p > 0.05) or introduced (χ2 = 0.441, 
df = 1, p > 0.05) plants. For the specialisation (d'), neither the 
proportion of agricultural nor urbanised areas significantly in-
fluenced the metric for native (agricultural: χ2 = 0.001; urban: 
χ2 = 3.246; both p > 0.05) or introduced plants (agricultural: 
χ2 = 1.874; urban: χ2 = 1.021; both p > 0.05).

4.2   |   Plant–Pollinator Interactions at 
the Network Level

Our LMMs showed the effects of the proportion of surround-
ing agricultural and urbanised areas, the proportional repre-
sentation of introduced plant species visited by pollinators in 
each orchard, and their interactions on network-level metrics 
(Figure 6, Table S5). Overall, none of the interaction terms had 
significant effects. In addition, the proportional representation 
of introduced plant species did not significantly influence con-
nectance (χ2 = 0.220, df = 1, p > 0.05; Figure 6G), linkage density 
(χ2 = 2.689, df = 1, p > 0.05; Figure 6H), or network-level special-
isation (H2′; χ2 = 0.208, df = 1, p > 0.05; Figure 6I).

For the effects of anthropogenic landscapes, our results revealed 
that connectance was negatively affected by the proportion of 
urbanised areas (χ2 = 8.976, df = 1, p = 0.003; Figure 6D) but was 
not significantly affected by agricultural areas (χ2 = 1.159, df = 1, 
p > 0.05; Figure 6A). In contrast, linkage density was negatively 
affected by the proportion of agricultural areas (χ2 = 4.326, 
df = 1, p = 0.038; Figure 6B) but was not significantly affected by 
urbanised areas (χ2 = 0.455, df = 1, p > 0.05; Figure 6E). In addi-
tion, H2’ increased significantly with the proportion of urban-
ised areas (χ2 = 7.676, df = 1, p = 0.006; Figure 6F) but was not 
significantly affected by agricultural areas (χ2 = 0.466, df = 1, 
p > 0.05; Figure 6C).

5   |   Discussion

Our study analysed pollinator interactions among native plant 
species and invasive, naturalised and non-naturalised intro-
duced plant species and the effects of landscape composition 
on the structure of pollination networks at the species and 
network levels in smallholder tropical orchards. At the species 
level, there are two important results: (1) the specialisation (d') 
was significantly greater for native plants than for introduced 
plants, and (2) the proportion of surrounding agricultural areas 
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had a significantly negative effect on the species degree of native 
plants. At the network level, connectance and linkage density 
were negatively affected by the proportions of urbanised areas 
and agricultural areas, respectively, whilst network specialisa-
tion (H2′) was positively affected by the proportion of urban-
ised areas.

5.1   |   Plant–Pollinator Interactions at 
the Species Level

Overall, native plant species had significantly more special-
ised interactions than introduced plant species in our study. 
This pattern also held when considering only human-food 
plants: native human-food plants exhibited more specialised 
interactions than their introduced counterparts. This likely re-
flects the longer evolutionary history that native plants share 
with local pollinators, which has facilitated the emergence 

of more specialised mutualisms. Such specialisation is com-
monly attributed to co-evolutionary processes, whereby floral 
traits become fine-tuned to the behavioural preferences and 
morphological traits of particular pollinator groups (Fenster 
et al. 2004; Johnson and Steiner 2000). Our finding is consis-
tent with a recent study showing that native plants had more 
specialised plant–bee visitation networks than non-native 
plants, while non-native plants associated with generalist bees 
(Seitz et al. 2020). Although we found that pollinators overall 
did not exhibit stronger preferences towards naturalised or in-
vasive plants relative to non-naturalised introduced plants in 
Thailand's smallholder tropical orchards, our findings overall 
indicate that introduced flowering plants can integrate into 
existing pollination networks. This is consistent with previ-
ous research showing that introduced species often form in-
teractions with generalist pollinators and become functionally 
embedded within native plant–pollinator communities (e.g., 
Bartomeus et al. 2008; Aizen et al. 2008). Approximately 60% 

FIGURE 2    |    Mean (± standard error) of log-transformed species degree across plant categories (A–E) in tropical orchards. Each point represents a 
single plant species, with colours denoting the study of origin: Simla et al. (2022) (pink), Sritongchuay et al. (2022) (green), Wayo et al. (2020) (yellow) 
and Karnchananiyom et al. (2024) (blue). Significance: ns = non-significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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of all flowering plant species visited by pollinators in the study 
were introduced plants, which may serve as important food 
sources for pollinators alongside native plants (Bartomeus 
et al. 2008; Graves and Shapiro 2003), especially during peri-
ods when native plants are not in bloom.

As expected, our findings highlight that in orchards with 
higher proportions of surrounding agricultural areas, native 
plant species attracted fewer pollinators. To assess whether a 
lack of forest-dwelling pollinators drove this pattern, we in-
cluded the proportion of surrounding forest as a fixed effect 
in additional models. Although forest cover was negatively 
correlated with agricultural (r = −0.43, p < 0.001) and urban 
(r = −0.33, p = 0.007) land uses, it did not significantly affect 
species degree (p = 0.175) or specialisation (d') (p = 0.064) 
of native plants. These results suggest that the decline in 
pollinator interactions is more strongly associated with in-
creasing anthropogenic land use than with forest loss alone. 

Moreover, pollinator richness and abundance tend to be low 
in predominantly agricultural landscapes due to limited flo-
ral resources and nesting availability, particularly for solitary 
bees and stingless bees (Karnchananiyom et  al.  2024; Wayo 
et  al.  2020), resulting in low visitation by pollinators in na-
tive plant communities. Although we lacked data on the pres-
ence of mass-flowering crops, previous research suggests 
that such crops can dilute pollinator abundance in adjacent 
habitats (Holzschuh et al. 2016). Future studies incorporating 
remote sensing or detailed crop mapping would help clarify 
which land-use types are driving these effects. Additionally, 
agrochemical use may further reduce pollinator visitation to 
native flora (Bloom et al. 2021).

In contrast to our expectations, the proportion of surround-
ing urbanised area did not significantly influence the num-
ber of pollinator species (species degree) or specialisation (d') 
for either native or introduced plants. Although urbanisation 

FIGURE 3    |    Mean (± standard error) of square root-transformed specialisation (d') across plant categories (A–E) in tropical orchards. Each point 
represents a single plant species, with colours denoting the study of origin: Simla et  al.  (2022) (pink), Sritongchuay et  al.  (2022) (green), Wayo 
et al. (2020) (yellow) and Karnchananiyom et al. (2024) (blue). Significance: ns = non-significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.



8 of 12 Diversity and Distributions, 2025

is generally associated with reduced pollinator richness and 
abundance (Millard et  al.  2021; Liang et  al.  2023), the rela-
tively low urban land cover in our study (0%–28%) may have 
limited our ability to detect such effects. Future research 
incorporating a broader urbanisation gradient is needed to 
clarify how increasing urban development influences plant–
pollinator interactions.

5.2   |   Landscape Effects on Plant–Pollinator  
Interactions at the Network Level

Our findings demonstrate how the landscape composition influ-
enced the plant–pollinator network-level metrics. Specifically, 
the connectance of the pollination networks decreased with 
increasing urban cover, likely reflecting a reduction in the pro-
portion of realised interactions relative to all possible plant–
pollinator interactions. This pattern may result from increased 
specialisation in urban areas, where highly specialised species 
are present but contribute relatively few interactions (Blüthgen 
et al. 2006). The decline in connectance implies a reduction in 
the complexity and robustness of the network. Network special-
isation (H2′) increased with greater proportions of surrounding 
urbanised areas in this study. While urbanisation is typically 
associated with generalist pollinators, recent studies suggest 
that behavioural changes can increase interaction exclusivity. 

For example, Theodorou et al. (2017) observed that urban pol-
linators visited a narrower subset of plant species, resulting in 
higher network specialisation. Suni et al. (2022) proposed that 
in fragmented urban habitats, pollinators may specialise more 
due to energetic constraints and the cost of moving between iso-
lated patches. Once in a suitable site, they may focus foraging 
on fewer plant species to maximise efficiency. Our findings are 
consistent with this possibility, and future studies should fur-
ther explore how urban landscape structure shapes pollinator 
foraging behaviour and network dynamics.

While connectance and specialisation of the networks were not 
affected by the proportion of agricultural area surrounding the 
orchard, linkage density declined as agricultural land increased. 
This pattern likely reflects differences in the underlying polli-
nator species pools across land-use types: species richness, 
abundance and community composition of pollinators often 
differ significantly between landscapes, with natural or semi-
natural habitats supporting higher diversity and abundance 
compared to urban or intensively managed agricultural areas 
(Winfree et al. 2009). In our study, the decline in linkage den-
sity may result from reduced pollinator abundance and richness 
in agricultural landscapes—driven by limited floral resources 
and nesting opportunities (Karnchananiyom et al. 2024; Wayo 
et  al.  2020)—which lowers the average number of unique in-
teractions per species. As a result, the networks become less 

FIGURE 4    |    Effects of the proportion of surrounding agricultural area on species degree and specialisation (d') for native (A, C) and introduced 
(B, D) plant categories across 65 smallholder tropical orchards in Thailand. Linear mixed-effects model (LMM) regressions are shown with 95% con-
fidence intervals. A significant relationship is indicated by a blue line, while nonsignificant relationships are shown in grey. Each point represents a 
single plant species, with colours denoting the study of origin: Simla et al. (2022) (pink), Sritongchuay et al. (2022) (green), Wayo et al. (2020) (yellow) 
and Karnchananiyom et al. (2024) (blue).
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complex, potentially reducing their robustness and the reliabil-
ity of pollination services. In contrast, connectance—the pro-
portion of realised to possible interactions—remained relatively 
stable, likely reflecting the persistence of generalist interactions 
even under diminished community diversity.

6   |   Implications for Landscape Management

Our study provides important information on food plants (both 
native and introduced flowering plant species) for pollinators 
in orchards surrounded by different proportions of agricultural 
land and urbanised areas. Our findings highlight the integration 
of introduced flowering plants into pollination networks across 
agricultural and urban landscapes. Although we found no sig-
nificant differences among introduced plant categories or effects 
of their proportional representation, their widespread presence 
suggests they may influence long-term network dynamics. 
Invasive species with abundant floral displays may draw pol-
linators away from native plants, potentially disrupting repro-
duction and altering pollinator foraging behaviour (Morales 
and Traveset 2009; Vanbergen et al. 2018). Future research on 
trait compatibility and temporal overlap with pollinators could 
help predict which species may become ecologically dominant 
and destabilise mutualistic networks (Fournier et  al.  2019). 
Additionally, given the global increase in naturalised plant spe-
cies (van Kleunen et al. 2015), long-term monitoring is essential 

to assess how invasive species may influence pollination dy-
namics over time.

Our findings also inform landscape management and pollina-
tor conservation, particularly habitat design for smallholder 
tropical orchards. It is essential to understand the food prefer-
ences of pollinator communities in order to effectively restore 
optimal pollinator habitat. To support sustainable pollina-
tion services, we recommend farmers conserve surrounding 
natural habitats and promote native plant abundance within 
human-dominated landscapes—not only because native 
plants support a higher diversity of pollinators but also because 
increasing anthropogenic land use may simplify pollination 
networks, potentially reducing the resilience and functional 
integrity of these ecosystems. Our findings highlight that na-
tive plants support a higher diversity of pollinators and play an 
important role in maintaining specialised plant–pollinator in-
teractions, which are particularly vulnerable to anthropogenic 
pressures. Therefore, conservation efforts should prioritise re-
storing and maintaining native plant communities, especially 
within agricultural and urban landscapes. Emphasising native 
flora is essential for preserving the complexity of mutualistic 
networks and ensuring the long-term stability of pollination 
services. Understanding the causes and consequences of land-
scape variation with the presence of introduced plant species 
is critical for predicting community stability of plant–pollina-
tor interactions as well as for the application of conservation 

FIGURE 5    |    Effects of the proportion of surrounding urbanised area on species degree and specialisation (d') for native (A, C) and introduced (B, 
D) plant categories across 65 smallholder tropical orchards in Thailand. Linear mixed-effects model (LMM) regressions are shown with 95% confi-
dence intervals. Nonsignificant relationships are indicated by grey lines. Each point represents a single plant species, with colours denoting the study 
of origin: Simla et al. (2022) (pink), Sritongchuay et al. (2022) (green), Wayo et al. (2020) (yellow) and Karnchananiyom et al. (2024) (blue).
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and landscape management strategies. Sustainable practices 
such as growing important native plant species, reducing 
pesticide use, and preserving or planting pollinator-friendly 
vegetation at farms' corridors can all contribute to the mit-
igation of the impacts of agriculture and urbanisation on  
pollinators.
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